CMV-specific "memory-like" T cells 1
The accumulation of the CMV-specific T cells with the phenotype described 2 above is contrasted by a persistence of other T cells with a more memory-like 3 phenotype. Many of these memory-phenotype cells do not recognize the same 4 antigens as the T EFF cells that undergo memory inflation. CMV infection in both 5 mice and humans elicits T cells specific for a broad array of antigens [25, 60] and 6 many of these T cells contract after acute infection and persist at low levels 7 thereafter [30, 32, 33] . These "non-inflationary" T cells tend to develop a more 8 classical memory phenotype (i.e. retention of co-stimulatory molecules and 9 cytokine receptors and an absence of inhibitory receptors), suggesting that they 10 may not be repeatedly stimulated despite the persistent infection. Recent data 11 have suggested that these non-inflationary T cells may recognize peptides that 12 depend on the immunoproteasome for production [61] . Since non-professional 13 antigen presenting cells do not constitutively express the immunoproteasome, 14 these peptides may be rarely produced during chronic infection. However, there 15 are also small subsets of cells that retain a memory-like phenotype despite 16 sharing peptide specificity with large numbers of T EFF cells, which can not be 17 explained by limited peptide presentation. is always a small subset of inflationary T cells (m139-, M38-or IE3-specific) that 9 retain CD127 expression and do not upregulate KLRG-1 (upper left quadrants in 10 Figure 1b ). These memory-phenotype inflationary cells generally comprise less 11 than 10-15% of the total antigen-specific pool ( Figure 1c) and there is only a little 12 data hinting at their functional capacity: HCMV-specific T cells that are memory-13 phenotype tended to expand better than T EFF HCMV-specific T cells after 14 allogeneic stem cell transplantation [62] and our data [33] implied that MCMV-15 specific CD8+ T cells with a memory-phenotype expanded more robustly than 16 T EFF cells with the same specificities after viral challenge. If memory is defined by 17 the speed and magnitude of recall responses, these data suggest that the 18 memory-phenotype cells are more "memory-like" than their T EFF counterparts, 19 although more work is needed to define these differences. 20
21
The mechanisms dictating whether individual T cells with a given specificity will 22 remain memory-like or differentiate into effectors during chronic infection are 23 T EFF cells stimulated during chronic infection? More precise measurements of the 7 development, maintenance, behavior and functional potential of these two 8 inflationary T cell subpopulations are needed to begin addressing these 9 questions. However, for the remainder of this article, I would like to consider the 10 idea that both of these populations work in tandem to enable the maintenance of 11 life-long, functional CMV-specific immunity. CMV-specific T cells are long-lived, resting effectors (discussed in [64] ). This 18 model states that CMV-specific T cells are functional effectors that will circulate 19 for long periods of time and suppress reactivating or replicating virus when it is 20 encountered. These T EFF cells may not undergo much or any cell division after 21 each stimulation event unless the conditions are ideal (e.g. appropriate co-22 stimulation and/or cytokine signals). Supporting this model is the evidence that 23 individual CMV-specific clones of cells can persist for several years [63, 65] . In 1 addition, in humans, CD45RA+ CMV-specific T cells only emerge after acute 2 infection has been resolved [45] . As restimulation of these cells in vitro promotes 3 re-expression of CD45RO [44] , these data may imply that the CD45RA+ subset 4 of CMV-specific T cells are resting and have not been recently stimulated. Thus, 5 in this model, a long half-life and only occasional cell division, driven by a specific 6 combination of stimuli, maintain the population. 7
8
The alternate hypothesis states that CMV-specific T cell populations are 9 extremely dynamic, comprising mostly short-lived effector cells that are 10 continually replaced as they die, thus maintaining the population as a whole 11 
Thus, T cells transferred only 7 days after infection into infection matched 18
recipients could provide long-term maintenance of the donor populations. We 19 interpreted these data to suggest that some sort of memory or memory-like 20 population was generated during primary infection and then repeatedly 21 stimulated to produce new short-lived T EFF cells via clonal expansion (Figure 2) . 22
As long as the production rate of new T EFF cells exceeded their rate of loss, the 23 result would be memory inflation. Once the production rate of T EFF cells equaled 1 the rate of loss, the population would persist at an elevated, but stable level. The difference between these two models (short-vs. long-lived inflationary T 6 cells) may have a significant impact on the development of adoptive 7 immunotherapy for immune compromised patients. There are no therapies for 8 boosting CMV-specific T cell responses in immune compromised patients. 9
Therefore, several groups have been working to develop methods for the 10 isolation and passive transfusion of CMV-specific T cells from healthy donors into 11 immune compromised recipients at risk for CMV disease (recently reviewed in 12 continuously replaced, the challenge may be to transfer a self-sustaining 20 population that can control CMV over long periods of time. Interestingly, the 21
Riddell group, pioneers of this therapeutic approach to mitigate CMV infection 22 [19, 24] , have shown using a non-human primate model of CMV infection, that T 23 cell clones derived from "central memory" (CD28+, CD95+) but not more 1 differentiated "effector memory" (CD28-, CD95+) subsets persist after adoptive 2 immunotherapy [71] . These data support the idea that CMV-specific T EFF cells 3 may be less effective than more memory-like populations over long periods of 4 time. If we can develop an understanding of precisely how CMV-specific 5 populations are generated and sustained, it may become possible to transfuse 6 more protective or longer lasting CMV-specific populations or even to promote 7 these cells directly in immune compromised patients. antigen from a continuously replicating virus, they still underwent relatively limited 8 cell division. Therefore, proliferation may be a poor indicator of how frequently 9
MCMV-specific T cells encounter antigen and it is possible that the T EFF state, 10
with its specific requirements for entering the cell cycle, may itself prevent the 11 development of exhaustion, regardless of how frequently these cells are 12 
Concluding Remarks: 15
The model presented here is obviously only relevant if the CMV-specific memory-16 like cells play some role in the development or maintenance of memory inflation. 17
To investigate the models proposed here, it will be important to determine the 18 effect of stimulating both T EFF and memory-like CMV-specific T cells during 19 CMV and its host, the answers to the questions outlined in this review may be 20 relevant for promoting sustainable CMV-specific immunity in patients at risk for 21 CMV disease. Whether or not the models described here are ultimately 22 supported by the data, it will be important to determine how the homeostasis of 23 CMV-specific T cells is influenced by factors such as pro-and anti-inflammatory 1 cytokines, co-stimulatory and inhibitory receptors, and different types of antigen-2 presenting cells. Finally, it will be interesting, as we learn more, to determine 3 whether the mechanisms that support life-long immunity to CMV are broadly 4 applicable to other chronic infections within the herpesvirus family or by unrelated 5
pathogens. 6 7
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